We theoretically study the Josephson effect in a superconductor/normal metal/superconductor (S/N/S) Josephson junction composed of s-wave Ss with N which is sandwiched by two ferromagnetic insulators (Fs), forming a spin valve, in the vertical direction of the junction. We show that the 0-π transition of the Josephson critical current occurs with increasing the thickness of N along the junction. This transition is due to the magnetic proximity effect (MPE) which induces ferromagnetic magnetization in the N. Moreover, we find that, even for fixed thickness of N, the proposed Josephson junction with the spin valve can be switched from π to 0 states and vice versa by varying the magnetization configuration (parallel or antiparallel) of two Fs. We also examine the effect of spin-orbit scattering on the Josephson critical current and argue that the 0-π transition found here can be experimentally observed within the current nanofabrication techniques, thus indicating a promising potential of this junction as a 0-π switching device operated reversibly with varying the magnetic configuration in the spin valve by, e.g., applying an external magnetic field. Our results not only provide possible applications in superconducting electronics but also suggest the importance of a fundamental concept of MPE in nanostructures of multilayer N/F systems.
Introduction
The DC Josephson effect has been known for more than 50 years as one of the most fundamental phenomena, characterized by DC current flowing without a voltage-drop between two superconductors (Ss) separated by a thin insulator (I). 1 It is a macroscopic quantummechanical phenomenon in which the superconducting phase coherence is preserved between these two Ss. A similar phenomenon occurs in a junction of weakly linked Ss through a normal metal (N) due to the proximity effect between S and N. 2 As in an S/I/S junction, the Josephson critical current in an S/N/S junction monotonically decreases with the thickness of N. 3 Because of its fascinating phenomena and potential applications to spintronics, s-wave superconductor/ferromagnetic metal (S/FM) hybrid junctions have been rapidly developed in the last decade. [4] [5] [6] [7] [8] [9] [10] Due to the proximity effect between S and FM, spin-singlet Cooper 1/11 pairs (SSCs) penetrate into the FM in an S/FM junction. Because of the exchange splitting of the electronic density of states for up-and down-spin electrons, the SSC has a finite center of mass momentum and thus the pair amplitude of SSC shows damped oscillatory behavior with the thickness of FM. One interesting phenomena induced by the damped oscillatory behavior of the pair amplitude is a π-state in an S/FM/S junction, ferromagnetic Josephson junction (FJJ), where the current-phase relation in the Josephson current is shifted by π from that of the ordinary S/I/S or S/N/S junctions (called 0-state). [4] [5] [6] [7] [8] [9] [10] It is expected that the π-state can be used for an element of quantum computing and circuit. [11] [12] [13] However, even if such FJJs are fabricated, it is still difficult to freely control the transition from 0-state to π-state or vice versa (0-π transition) in FJJs. 14 A way to regulate the 0-π transition in an S/N/S junction has been theoretically proposed [15] [16] [17] and experimentally attained. 18, 19 Here an S/N/S junction is constructed in a cross geometry with two additional electrodes attached to the N. [15] [16] [17] [18] [19] Depending on the DC voltage (V DC ) applied to these electrodes, the S/N/S junction becomes either 0-state or π-state. In this system, the non-equilibrium Fermi distribution function in the N due to non-zero V DC plays the essential role to induce the 0-π transition. [15] [16] [17] [18] [19] [20] The magnetic proximity effect (MPE) is a phenomenon in which finite magnetization is induced in the N or S when the N or S is attached to the FM or ferromagnetic insulator (F). [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Recently, the MPE has attracted much attention in the research field of spintronics because spintronics devices usually involve N/ferromagnet junctions and the magnetic transport is often influenced by the MPE. [32] [33] [34] [35] [36] [37] For instance, the N film on ferromagnetic substrates exhibits anisotropic magnetoresistance, which is not observed in the N on nonmagnetic substrates. 32 Although there are reports suggesting that the MPE interferes with suitable magnetic transport in spintronics devices, 32, 36 intriguing phenomena are also expected when the MPE is actively utilized. Here, we propose a simple S/N/S junction where the 0-π transition is driven and controlled by the MPE. 38 In this paper, we propose a simple S/N/S Josephson junction composed of s-wave Ss with N sandwiched by two Fs, forming a spin valve, in the vertical direction of the junction, and study theoretically the Josephson effect. We show that the 0-π transition occurs with increasing the thickness of N along the junction, which is due to the MPE inducing ferromagnetic magnetization in the N. Moreover, we find that, even for fixed thickness of N, this S/N/S junction can be switched reversibly from π-state to 0-state and vice versa by changing the magnetization configuration of two Fs from parallel to antiparallel configuration. The effect of spin-orbit scattering on the Josephson critical current is also examined to argue that the 0-π transition found here can be experimentally observed.
The rest of this paper is organized as follows. In Sec. 2, we introduce a simple S/N/S junction with the spin valve structure formed by two Fs sandwiching the N, and formulate the and F2 indicate the direction of in-plane ferromagnetic magnetizations. While the magnetization in F1 is fixed, e.g., by exchange bias, the F2 is assumed to be a free layer in which the magnetization direction is controlled by an external magnetic field. 
Josephson critical current in a Josephson junction with spin valve
As depicted in Fig. 1 , we consider the Josephson junction composed of two s-wave Ss and N, where the N is 2d N thick in the x direction along the junction and it is sandwiched from below and above along the y direction by two ferromagnetic insulators (F1 and F2), forming the spin valve. We adopt ferromagnetic insulators as ferromagnets in the spin valve not to leak the current in the N to the ferromagnets. We assume that the interfaces between S and N are resistive with a finite resistance and thus low transparent. The similar Josephson junctions with a spin valve composed of two FMs have been previously studied. [39] [40] [41] In the diffusive transport limit with the resistive interfaces, the Josephson current is evaluated by solving the linearized Usadel equation in the N, 8-10, 42
where D and τ SO are the diffusion coefficient and the relaxation time due to the spin-orbit scattering, respectively, in the N and ω is the fermion Matsubara frequency. The anomalous
for spin up (down) and down (up) electrons in the N is
. We also assume that the thickness of N in the y direction
perpendicular to the junction is very thin (a few-10 nm), in which the effective exchange field H eff inside the N induced by the MPE can be approximated to be uniform, i.e.,
for parallel (P) and antiparallel (AP) magnetization configuration between F1 and F2 (see Fig. 1 ), where h eff1 (h eff2 ) is an effective exchange field induced by the MPE due to the magnetization in F1 (F2). Here, we consider the case where the magnetization direction of F1 is fixed by exchange bias, while the magnetization direction of F2 is freely flipped by an external magnetic field. 43, 44 As appropriate boundary conditions for the resistive interfaces between S and N, we impose Kupriyanov-Lukichev boundary condition, 45
where Green's function in the N is given as
where
and
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Within the quasiclassical theory and the linearized approximation, the Josephson current density flowing through the N is given as 9, 10
where N F is the density of states per unit volume and per electron spin at the Fermi energy, 46 β = 1/k B T (T : temperature), and θ = θ R − θ L is the phase difference between the right and left Ss. Substituting Eq. (5) into Eq. (10), we obtain the Josephson current density
with
Notice that j c (d N ) is the Josephson critical current density and we call it simply Josephson critical current below.
Results
Let us first numerically evaluate j c (d N ) in the N by using Eqs. (12) . For this purpose, the temperature dependence of ∆ is assumed to be ∆ = ∆ 0 tanh(1.74 T C /T − 1), where ∆ 0 is the superconducting gap at zero temperature. 47 
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Assuming the free density of states for Pt, 52 j c (0) ≈ 1 × 10 9 A/m 2 . 53 Thus, the Josephson critical current can be as large as the one reported in Ref.
. 7 Note also that the direction of the ferromagnetic magnetization in YIG is easily flipped by applying an external magnetic field as large as hundreds of oersteds. 43 Therefore, we expect that the 0-π transition can be experimentally observed within the current nanofabrication techniques if Pt is used for the N attached to YIG in the spin valve. 55
Summary
We have studied the Josephson effect in the S/N/S junction composed of s-wave Ss with the N sandwiched by two Fs in the vertical direction of the junction, forming the spin valve.
We have shown that the 0-π transition is driven by the effective exchange field in the N which is induced by the MPE in the spin valve. Moreover, we have shown that the 0-and π-states 
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